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Objectives: To study the correlation between wall shear stress and early atherosclerotic lesions in the abdominal orta. 
Design: Blinded histomorphometric studies. Comparison with in vitro data. 
Materials: Abdominal aortic haemodynamics were simulated in a realistic pulsatile flow model. Abdominal aortas from 
10 young adults with no signs of atherosclerotic disease were obtained uring autopsy. 
Methods: Quantitative wall shear stresses were measured at rest and exercise in one suprarenal and two infrarenal 
positions using laser Doppler anemometry. Intimal thickening indices were measured blindedly at the corresponding 
locations using histomorphometric methods, and compared to wall shear stress variables using linear regression analysis. 
Results: IntimaI thickness index increased significantly with age. Intimal thickness index was significantly lower in the 
suprarenal than the infrarenal aorta, and higher at the distal posterior vessel wall compared to the anterior wail. Intimal 
thickness index correlated significantly with mean, minimum and oscillating wall shear stresses measured atrest. 
Conclusion: IntimaI thickness in the undiseased abdominal aorta correlated significantly with mean, minimum and 
oscillating wall shear stresses at rest measured in a pulsatile flow model. No correlations were found with maximum 
shear stress parameters. Exercise changed the local wall shear stresses away from the characteristics a sociated with 
intimal thickness index. 
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Introduction 
Atherosclerosis mainly localised around branches 
and curvatures 1 and this observation has led to spec- 
ulation about possible relations to local haemodynamic 
factors. A number of local haemodynamic mechanisms 
have been suggested in the atherosclerotic disease 
process. The interest has mainly focused on different 
levels and dynamic patterns of wall shear stress which 
is the mechanical force the blood exerts on the vessel 
wall. High shear stress 2and low shear stress 3theories 
were initially suggested, and later came theories of 
multidirectional shear stresses 4 and oscillating shear 
stresses. ~ There is now increasing evidence that low 
and oscillating shear stresses are the main local haemo- 
dynamic atherogenic factor, as correlations between 
* Please address all correspondence to: Erik Morre Pedersen, Dept. 
Cardiothoracic and Vascular Surgery T, Skejby Hospital, Aarhus 
University Hospital, DK-8200 Aarhus N, Denmark. 
low or oscillating wall shear stresses and the local- 
isation of atherosclerotic plaques have been dem- 
onstrated in the carotid artery, s the abdominal aortic 
bifurcation 6 and lately also in the distal abdominal 
aorta. 7Along with these findings model studies have 
demonstrated that wall shear stresses influence both 
endothelial cell morphology and function (e.g.89). 
In the human aorta it is a characteristic finding that 
while the descending thoracic aorta above the celiac 
trunk is generally spared of atherosclerosis, the in- 
frarenal part of the abdominal aorta is a frequent site of 
clinically significant atherosclerosis. 1 It has previously 
been demonstrated that large differences in flow pat- 
terns, 1°'11 velocity distributions 12'1s and wall shear 
stresses 7 exist between the suprarenal and the in- 
frarenal abdominal aorta and that these parameters 
also vary with the physiological status (rest vs. ex- 
ercise). It has yet  to be shown whether there is a 
correlation between these observed morphological nd 
haemodynamic patterns, respectively. 
It was, therefore, the aim of this work to study the 
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Fig. 1. Gross haemodynamic parameters in the pulsatile flow model for rest and exercise flour conditions. Suprarenal (bottom row) and 
infrarenal (top row) flow wave forms are seen to the right of the abdominal ortic model. LRA = left renal artery, RKA = right renal artery, 
SMA=superior mesenteric artery, CT=coeliac trunk, Q=volume flow, Re=mean Reynolds nmnber=4Q/ndv where d=diameter of
vessel and v = kinematic viscosity. 
= d /2~ (Womersleys a-parameter) where f=pump frequency. 
correlation between local haemodynamics and early 
atherosclerotic lesions in the abdominal aorta by meas- 
uring quantitative wall shear stresses at different 
physiological conditions and by correlating these local 
haemodynamic measures to histomorphometric data 
obtained at corresponding locations in the abdominal 
aorta of young adults. 
Materials and Methods 
Haemodynamic measurements 
A glass model of the abdominal aorta including its major 
branches was blown from a cast obtained during aut- 
opsy of a young, healthy accident victim. The geometric 
parameters obtained from the cast were similar to those 
reported by other investigators concerning the branch 
angle, 14'~5 the branch-trunk area ratio 16"17 and the vessel 
diameter. TM The cast was placed in a pulsatile flow loop 
where physiological rest and exercise conditions were 
simulated. Flow wave forms and main gross haemo- 
dynamic variables are seen in Fig. 1. A glycerine/water 
fluid mixture with a kinematic viscosity (v) of 
3.3 x 10 6 m2/s was used. Point velocities were meas- 
ured with a 55 x 3-beam DISA (Dantec Electronics, A1- 
lendale, NJ, U.S.A.) laser Doppler anemometry (LDA) 
system mounted on a bench that could be moved in 
increments of 0.0254 mm in each of three orthogonal 
directions. Sample volume size was approximately 
0.06 mm x 0.35 mm. 19 The pulsatile flow model, flow and 
pressure monitoring as well as LDA data acquisition 
and analysis are described in detail previouslyY 
Velocity wave forms (Fig. 2b) were measured at two 
radial distances, r l=0 .57mm and r2=0.86 mm, from 
the vessel wall of the model (Fig. 2a). Measurements 
were performed at the anterior and posterior vessel 
walls at one suprarenal and two infrarenal ocations 
(Fig. 2d). 
Wall shear stress (WSS) is calculated as: 
du wss=g  (1) 
du 
where g is dynamic viscosity, and dr  is the tangent 
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Fig. 2. Wall shear stress measurements and histomorphometric examinations were carried out at the same three axial locations in the 
abdominal aorta (d). Point velocities were measured at two radial positions (dr1 and dr2) relative to the vessel wall (a), giving two velocity 
curves ul and u2 (b). Using a quadratic fit, the Wall shear stress was then calculated using equation (2), and from the resulting wall shear 
stress wave forms (c) the maximum, minimum, mean and pulse wall shear stress are derived and oscillating shear index calculated using 
equation (3). For the histomorphometric measurements, the corresponding axial locations were defined relative to the distance (RB) 
between the renal arteries arid the bifurcation (d). CT = Coeliac trunk SMA = Superior mesenteric artery, RRA = Right renal artery. The 
cadaver aortas were opened longitudinally from the posterior wall, and bands were cut out and divided into eight equal sized blocks (e). 
A histological specimen was prepared from each block and a point counting rid was placed over the specimen (f). The number of "hits" 
in the media and intima were counted giving a measure of intimal thickness (intimal thickness index). 
du  I Ane~ I 
to the ve loc i ty  pro f i le  at the vesse l  wal l .  drr  was  OS I= 
I A~o~ I + ] A~egl 
es t imated  us ing  a quadrat i c  fit g iv ing  the fo l low ing  
equat ion  for WSS2°: where  I Aneg I and  I AFo~ I are  the areas  (abso lu te  
va lues)  under  the shear  st ress  versus  t ime graph  (Fig. 
2c) when the shear  st ress  is negat ive  and  pos i t ive ,  
respect ive ly .  
WOO u2d r2 -u l  dr2 (2) 
(3) 
where  ul  and  u2 are  the f lu id  ve loc i t ies  measured  at  
the rad ia l  d i s tances  rl and  r2 f rom the vesse l  wa l l  (see 
Fig. 2a). 
An  osc i l la t ing  shear  index  (OSI) 7 was  ca lcu la ted  as: 
Histomorphometric measurements 
In o rder  to obta in  mater ia l  w i th  on ly  ear ly  a thero -  
sc lerot ic  les ions ,  the inc lus ion  cr i ter ia  were :  (1) age 
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_<40 years, (2) no history of cardiovascular disease 
(hypercholesterolaemia, hypertension, ischaemic heart 
disease), (3) no signs of cardiovascular disease during 
autopsy. Aortas were obtained from 10 subjects (mean 
age 34.0, range 18-40 years, nine males). The aortas 
were opened longitudinally along their dorsal aspect, 
pinned on a cork-board and immersion fixed in 10% 
neutral buffered formalin. After fixation the distance 
(RB) between the most distal of the renal arterial ostia 
and the aortic bifurcation was measured. To take the 
variation in dimensions between the individual aortas 
into account, the three axial locations were then de- 
fined relative to RB (Fig. 2d). 
A strip comprising the whole circumference was cut 
perpendicular to the long axis of the aorta (Fig. 2e) at 
each of three axial locations of the aorta. The strips 
were divided into eight equally sized specimens rep- 
resenting the posterior (the first and last specimen), 
left (2nd and 3rd), anterior (4th and 5th) and right 
(6th and 7th) aspect of the aorta in the given axial 
location (Fig. 2e). Each specimen was embedded in 
paraffin, and 5 gm histological sections were cut per- 
pendicular to the surface and along the long axis of 
the aorta. Sections were stained with haematoxylin/ 
eosin and Verhoff's elastic stain. Each specimen was 
assigned a randomly generated code, so that the iden- 
tity and localisation of the specimen was blinded 
to the observer. This code was not broken until all 
specimens had been evaluated. All the sections were 
examined by the same pathologist. 
Histological sections were projected onto a table by 
means of a projecting microscope, and a grid composed 
of equidistantly spaced points was applied to the 
image (Fig. 2f). The intimal thickness index (ITI) was 
calculated as the number of points within, the intima. 21'22 
Magnification and point counting rid were kept con- 
stant. A standardized length of cut surface (approx. 
3 mm) was analysed from both ends of each specimen 
giving four determinations for each measuring po- 
sition (two specimens counted in two locations each), 
the mean of which was used for additional calculations. 
The intima was defined as the region of the aortic wall 
from (and including) the endothelial surface at the 
lumen to the luminal margin of the media, the latter 
denoted by the internal elastic lamina. 23 
Statistics 
The correlations between intimal thickness index at 
different sites in the aorta were analysed using paired 
Student's t-test (two-tailed). Correlations between in- 
timal thickness index and wall shear stress measures 
obtained at the same locations were analysed using 
linear regression. Probability plots of the residuals 
from the linear regression analysis howed acceptable 
agreement with the normal distribution. 
Results 
Wail shear stress measurements 
The wall shear stress wave forms for rest and exercise 
at all measurement locations are shown in Fig. 3. They 
follow the shape of the overall flow wave forms seen 
in Fig. 1, except for the infrarenal wave forms for 
exercise that reach high negative values just after 
systole despite the net positive flow throughout the 
entire cardiac cycle (Fig. 1). At the distal infrarenal 
location, local variations were most pronounced be- 
tween the anterior and posterior vessel walls. 
The corresponding quantitative wall shear stress 
measures are shown in Table 1. For the rest condition 
the mean values were lower, and the minimum values 
were more negative at the infrarenal than the supra- 
renal position. This was also reflected in the oscillating 
shear indices that were much higher in the infrarenal 
part. Local differences were most obvious at the distal 
infrarenal position, where the posterior vessel wall 
was subjected to higher negative and lower mean 
shear stresses as well as more oscillation than the 
anterior vessel wall. During exercise, negative wall 
shear ates were only present at the infrarenal locations 
as reflected in the oscillating shear indices. The mean 
values did not change much from above to below 
the renal arteries as opposed to the rest condition. 
Maximum values were highest in the infrarenal po- 
sition. Local differences for exercise were pronounced 
in the distal infrarenal position, where minimum wall 
shear stress is positive at the anterior vessel wall while 
being negative at the posterior, as also reflected by the 
oscillating shear index. The mean stress was a factor 
of five lower at the posterior wall, but was still at the 
same level as the highest mean wall shear stresses for 
rest condition. 
The main differences between rest and exercise were: 
(1) much higher negative shear stresses and more 
oscillation throughout the abdominal aorta at rest; (2) 
no oscillation suprarenally and at the anterior distal 
infrarenal position at exercise; (3) much higher mean 
shear rates at exercise in the infrarenal part; and (4) 
higher maximum values at exercise. 
Histomorphometric measurements 
The measured intimal thickness indices at the anterior 
and posterior vessel walls are listed in Table 1 for 
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Fig. 3. The resulting wall shear stress wave forms as a function of time measured at the six measurement locations. ( - - )  Rest; ( ..... )
exercise. CT =coeliac trunk, SMA=superior mesenteric artery, RRA=right renal artery of the abdominal ortic model. 
Tab le  1. Quant i ta t ive  haemodynamic  and  h is tomorphometr i c  data  in  the  abdomina l  aorta.  
Wall shear stress values rest/exercise (N/ITt 2) 
Location in abdominal orta Max Min Mean Pulse OSI 
Intima thickness 
index (n = 10) 
Mean ± S.D. 
Suprarenal anterior 3.1/4.2 -0.1/0.4 0.9/1.7 3.1/4.7 0.00/0.00 3.5+2.0 
posterior 2.8/4.1 0.4/0.4 0.6/1.6 3.2/4.4 0.06/0.00 4.5 +2.6 
Proximal anterior 2.8/7.6 -2 .7/ -1 .2  0.2/1.9 5.4/8.8 0.40/0.06 7.3+3.7 
Infrarenal posterior 1.6/4.2 -1.8/ -1.1 0.0/1.0 3.3/5.3 0.47/0.11 6.0+2.8 
Distal anterior 2.2/6.0 -2.0/0.4 0.2/2.7 4.1/5.5 0.34/0.00 5.6+2.6 
Infrarenal posterior 1.9/3.5 -2 .3/ -1 .4  0.0/0.5 4.2/4.8 0.46/0.24 8.6+4.4 
Quantitative wall shear stress and intimal thickness index values from all six measurement positions. 
Wall shear stress values are given for both rest and exercise conditions. OSI = oscillating shear index. 
al l  three measurement  locations. An  example  of two 
spec imens  w i th  d i f ferent  int imal  th ickness index is 
seen in Fig. 4. The suprarena l  mean va lues  were  sig- 
n i f icant ly lower  than both  the prox imal  (p<0.005) and  
distal  (p<0.00001) inf rarenal  values.  The h ighest  mean 
va lue  was  found at the poster ior  vessel  wal l  in the 
distal  infrarenal  par t  (p<0.01) as compared  to the mean 
va lue  at the anter ior  vessel  wal l .  The mean va lue  of 
all six measurement  pos i t ions  in each ind iv idua l  was  
p lot ted  aga inst  he age of the ind iv idua ls  (Fig. 5) and  
showed a corre lat ion of r = 0.71 and p<0.05 ind icat ing 
increas ing levels of int imal  th ickness index wi th  ad-  
vanc ing  age. 
Correlations between wall shear stresses and intimal 
thickness index 
Values for int imal  th ickness index were  corre lated to 
the di f ferent quant i tat ive wal l  shear stress parameters  
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p<0.05 (rest), r=--0.85,  p<0.05 (exercise)] and os- 
cillating shear index [r=0.86, p<0.05 (rest), r=0.84, 
p<0.05 (exercise) ] for both rest and exercise conditions, 
while significant correlation with mean wall shear 
stress was only present at rest [r = -0.85, p<0.05]. No 
significant correlation was present for maximum or 
pulse shear stress. The most significant correlations 
were obtained when correlating the minimum wall 
shear stress [ r=-0 .93 ,  p<0.01] and OSI [r=0.92, 
p<0.01] with the mean values for rest and exercise. 
Plots of these data sets are shown in Fig. 6 together 
with plots of regression lines for all 10 individual 
cases, revealing that the sign of correlation (i.e. positive 
or negative) was consistent within all 10 cases. 
Fig. 4. Two examples of histological specimens ( agnification x 40) 
with different intimal thickness. The internal elastic lamina (IEL) 
separating the intima and media is visible. 
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Fig. 5. Plot of mean intimal thickness index in each individual as a 
fu~.ction of their age. r=correlation coefficient, p=level of sig- 
nif cance. 
using linear regression analysis (Table 2). In addition 
to the values found at rest and exercise, a comparison 
was also made with the mean of the values for rest and 
ex,?rcise (Table 2). Statistically significant correlations 
were seen for minimum wall shear stress [r= -0.89, 
Discussion 
The measurement of wall shear stresses is associated 
with major methodological problems. In in vitro puls- 
atile flows, the most used principle for estimating wall 
shear stress is through curve fitting of velocity profiles. 
Recently, the errors related to this approach have 
been analysed both theoretically 2° and experimentally 24 
using laser Doppler anemometry equipment, similar 
to the equipment used in the present study. It is 
concluded in both studies that a linear fit introduces 
much larger errors than higher order approximations. 
Lou et al. 2° recommended the use of a quadratic fit 
based on only two measurement points (and assuming 
u = 0 at the wall) in order to use only data measured 
as close to the vessel wall as possible. Fatemi and 
Rittgers 24 recommended the use of a third degree 
approximation based on three measurement points 
(and assuming u = 0 at the wall) and concluded that 
the first point of measurement should not be closer 
than 0.5 mm to the vessel wall using this laser Doppler 
equipment. Both of these studies based their ob- 
servations on flow conditions with fully developed 
flow (parabolic velocity profile). In the large arteries 
in the body, however, a plug type flow (flat velocity 
profiles) is to be expected ue to the short distance 
from the flow generator (the heart). We have dem- 
onstrated this to be true in the abdominal aorta using 
the same flow model as in this study. 12 As pointed out 
by Lou et al., 2° the boundary layer at the wall (where 
wall shear stress can be measured) is thinner in plug 
type flow than in fully developed flows which increase 
the need for measurements as close to the wall as 
possible. Based on the predictions for parabolic flow 
suggested in 2° the error for maximum wall shear stress 
values in the present study is 5% for rest and 10% 
for exercise taking into account the non-sinusoidal 
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Table 2. Correlation of Wall  Shear Stress parameters and int imal  th ickness  index in the normal  abdomina l  
aorta. 
Wall shear stress parameter 
Mean of rest 
Rest Exercise and exercise 
r p r p r p 
Max imum WSS -0 .54  NS 0.17 NS --0.03 NS 
Min imum WSS -0 .89  * -0 .85 * -0 .93 ** 
Mean WSS -0 .85  * -0 .43 NS --0.70 NS 
Pulse WSS 0.70 NS 0.42 NS 0.54 NS 
Oscillating shear index (OSI) 0.86 * 0.84 * 0.92 ** 
The correlation coefficient (r) and significance levels (p) between the different wall shear stress parameters 
and infimal thickness index for different flow conditions. * indicates p<0.05; ** indicates p<0.01; NS =non 
significant. 
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Fig. 6. Scatter plots of (a) min imum wall shear stress and (b) oscillating shear index versus intimal thickness index. Both shear stress 
measures are the mean of the rest and exercise values, r = Correlation coefficient, p= level of significance. At the bottom the corresponding 
regression lines for each of the 10 cases are plotted, showing consistency in the signs of correlations within all 10 cases. 
pulsatile wave form. The use of a glass model rather 
than a model with flexible wall has only "minor quan- 
titative "25 impact on the local wall shear stresses. The 
distribution of wall shear stress values at the different 
locations in the abdominal orta are qualitatively com- 
parable to the values found by Moore et al. 7 The 
absolute values are, however, not comparable. Gen- 
erally, the maximum, mean and pulse wall shear stress 
values are a factor of 2-4 higher in the present study. 
The minimum values in the infrarenal aorta are gen- 
erally 2-4 times more negative than the values found 
by Moore et al. 7 The oscillating shear stresses measured 
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by Moore et al. 7 are a factor 1.5-2 higher for the rest 
condition. The discrepancies for maximum, mean and 
pulse values can be explained by the different inlet 
conditions for the two models. Moore et al. 7 used a 
fully developed (parabolic) inlet flow, while a realistic 
inlet length giving pluglike (flat) velocity profiles is 
used in the present studies. The shear stress will 
be higher in the pluglike flow, with steeper velocity 
gradients in the boundary layer. The higher OSI values 
found by Moore et al. 7 can be explained by the same 
mechanisms; for a fully developed flow smaller 
changes in local pressure gradients at the wall are 
needed for velocities to turn negative at the wall. 
Histomorphometric analysis of intimal thickness in 
comparative studies have traditionally been performed 
as measurements of absolute values of intimal thick- 
ness. 5-7 Since the aim of the histomorphometric analysis 
was to compare the intimal thickness at different loc- 
ations rather than estimate absolute values, we used a 
relative measure of intimal thickness. A point counting 
technique was employed giving an average of the 
relative thickness across the whole specimen. The term 
"intimal thickness index" has been used rather than 
"atherosclerotic lesions" in the presentation of the 
results as intimal thickening includes progression- 
prone lesions as well as diffuse intimal thickening. 26 
The large standard deviation seen in the histo- 
morphometric data can partly be ascribed to the dif- 
ferences in "atherosclerosis-level" for the individuals 
documented by the significant correlation between age 
and mean intimal thickness index in the individuals. 27 
Despite the variation, significant differences were 
found between the anterior and posterior walls and 
between the suprarenal and infrarenal ocation. The 
distributions of the intimal thickness index also agrees 
with the general findings in larger studies of the 
distribution of early atherosclerotic lesions in young 
adults. 27'2s The significant correlations between intimal 
thickness index and oscillating and low mean wall 
shear stress at rest is in accordance with previous 
studies in the distal abdominal aorta. 7Although the 
data are not fully comparable (the data of Moore 
et al. 7 being obtained only 1-2 cm above the aortic 
bifurcation) they provide evidence for the fact that 
low, negative and oscillating wall shear stresses are 
localising factors for early atherosclerotic disease in 
the abdominal aorta whereas maximum and pulse 
shear stresses are not. To our knowledge no previous 
studies have attempted to relate early atherosclerotic 
lesions to wall shear stresses measured at exercise. 
The significant correlation with minimum and os- 
cillating wall shear stresses was still seen for exercise 
although the wall shear stress in all positions was less 
negative, the degree of oscillation was lower, and the 
oscillation was eliminated suprarenally and at the 
distal infrarenal anterior wall. The correlation with 
low mean shear was not present at exercise. If low 
mean shear stress is indeed a localising factor this 
indicates that exercise xerts a beneficial effect on the 
local haemodynamics, especially as the oscillating and 
retrograde shear stress is also reduced. The strongest 
correlation between intimal thickness index and mini- 
mum and oscillating wall shear stresses was found 
when using an average of rest and exercise values. 
This agrees with the fact that the living endothelium 
is subjected to a mixture of rest and exercise wall shear 
stresses over time, as pointed out by Friedman and 
Fry. 29 
The main limitations of the current study were due 
to the use of a single set of flow conditions and model 
geometry instead of mimicking these parameters in- 
dividually for each set of histomorphometric data. 
This approach as been used in other studiesY In the 
current study the flow conditions and model geometry 
are based on physiologically and anatomically realistic 
data. 12 The correlations with intimal thickness index 
are based on average histomorphometric values. This 
might lead to an overestimation f the strength of the 
associations. In the future these limitations might be 
overcome by simultaneous in vivo measurements of
wall shear stress 3° and morphometry 31 using magnetic 
resonance based methods. Such studies could be used 
to explore further the relation between local haemo- 
dynamics and pathology under various circumstances 
in order to identify "pathological" haemodynamics in 
order to implement "preventive" haemodynamics by 
changing geometry or haemodynamics. As dem- 
onstrated in this study exercise appears to change the 
local wall shear stress away from the characteristics 
most closely associated with early atherosclerotic le- 
sions. Another relevant area would be the study of 
neointimal formation at vascular anastomoses where 
local haemodynamics an be changed ramatically by 
altering the geometry of the anastomosis. 32 
In conclusion this study has showed that histo- 
pathological measures of intimal thickening in the 
abdominal aorta of young healthy persons correlated 
significantly with mean, minimum and oscillating wall 
shear stresses at rest as measured in a pulsatile flow 
model of the abdominal aorta. Exercise changed the 
local wall shear stresses away from the characteristics 
associated with a high intimal thickness index al- 
though a correlation on exercise was still present. 
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